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1. Introduction

Ultraviolet (UV) light generation devices have further advan-
tages in many applications such as optical data storage, optical
information processing, and optical sensors' 2. The UV region,
defined as the wavelength range from 10 nm to 400 nm, is fur-
ther subdivided into four distinct regions: UV-A or long-wave
UV (320-400 nm); UV-B or mid-wave UV (290-320 nm);
UV-C or short-wave UV (200-290 nm); and vacuum UV
(10-200 nm). Second-harmonic generation both in bulk and
waveguide devices via quasi-phase-matching has been studied
in crystals such as KTiOPO,”® LiNbO;, and LiTaOs.
However, UV light generation from quasi-phase-matching
materials has several limitations, such as lower transmittance
in the UV wavelength region, optical damage, and difficulties
in fabrication. To solve these problems, in this work we exper-
imentally obtained an on-chip long-wave UV in lithium-tanta-
late-on-insulator (LTOI) microdisk via modal phase matching
frequency doubling, and the high optical Q of our LTOI micro-
disk in the visible band implies its great potential for cavity-
enhanced nonlinear optics.

Lithium tantalate is a positive uniaxial crystal with ferroelec-
tric properties, widely used in acousto-optic, electro-optic, inte-
grated optics, nonlinear optics’™'” and holographic data
storage[”]. Recently, emerging materials in the form of thin
films with unprecedented optical properties have led to
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The compact and reliable ultraviolet (UV) source has attracted remarkable attention for its potential use in optical mea-
surement systems, high-density optical storage, and biomedical applications. We demonstrate ultraviolet generation by
frequency doubling in a lithium-tantalate-on-insulator (LTOI) microdisk via modal phase matching. The 50-um-diameter
microdisk was milled by a focused ion beam (FIB) and followed by chemo-mechanical polishing (CMP) to smooth the disk
surface and edge, and the Q-factor reaches 2.74 x 10° in the visible band. On-chip UV coherent light with a wavelength of
384.3 nm was achieved, which shows great promise for using LTOIs in integrated ultraviolet source platforms.

Keywords: lithium-tantalate thin film; ultraviolet light; second-harmonic generation.

revolutionary advances in integrated photonics'?!. It is worth
mentioning that on-chip microresonators on the novel lithium
niobate on insulator (LNOI) platform have attracted much
attention'"*~'*, Nonlinear processes such as second-harmonic
generation (SHG)!®), sum-frequency generation (SFG)!"7!,
parametric downconversion!'®), and cascaded wave mixing
have been reported in LNOI microresonators, as well as sin-
gle-frequency ultra-narrow linewidth on-chip microlasers'*’).
Valley waveguide'*! and bichromatic cavities'**! based on lith-
ium niobate photonic crystals have also been proposed.
Compared to lithium niobate, the lithium tantalate is transpar-
ent in a larger wavelength range (0.28-5.5 pm)?’!, as shown in
Table 1, which can be a useful supplement in achieving UV
coherent light for the lithium niobate.

At present, there are few studies on LTOI, and most of the
researches are based on lithium tantalate bulk materials'***"),
The LTOI features a higher laser-radiation-induced damage
threshold®® and a higher photorefractive damage threshold'*'!.
However, it is also notable that the second-order nonlinear coef-
ficient ds; of the LT is smaller than that of the LN, and in the case
of uniaxial crystal, the properties of d i can refer to Ref. [32].

In the following section, we give a detailed analysis of the
LTOI microdisk with an optical Q-factor of up to 2.74 x 10°,
obtaining UV coherent radiation produced at the second har-
monic. For efficient SHG, it is necessary to satisfy energy and

[19]

Chinese Optics Letters 21(6), 061902 (2023)


mailto:ypchen@sjtu.edu.cn
https://doi.org/10.3788/COL202321.061902

Vol. 21, No. 6 | June 2023 Chinese Optics Letters

Table 1. Comparison of the Optical Parameters of Lithium Tantalate (LiTaOs, LT) and Lithium Niobate (LiNbQz, LN).

Crystals LiNbO3 (LN) LiTa05 (LT) Ref.
Transparency range at ‘0’ transmittance level 0.40-55 um 0.28-55 um [24]
Second-order nonlinear coefficient |zl = 417 pm/V |ds3l = 26 pm/V [25,26]
Laser-induced surface damage threshold 0.005-0.03 GW/cm? 022 GW/cm? [24]
(at 1064 nm and 10 ns) (at 1060 nm and 30 ns)
Photorefractive damage threshold at 532 nm 1 kW/cm? 2000 kw/cm? [27]
momentum conservations simultaneously, and the finite @) o)
element method (FEM) is used to calculate the phase-matching .
condition. The demonstration of the on-chip realization of the :gg: A\ \%}/
ultraviolet band lithium tantalate thin film paves the foundation — o .
2 - SO Chemo-mechanical
for using an ultraviolet source in photonic integrated cir- Focused ion beam (FIB) milling \_ polishing(CMP)
cuits (PICS) Fabrication \\
processes ] /\
I \ Z
/! A ©
2. Device Design and Fabrication Optical P ‘
Various methods have been used to fabricate high-Q ferroelec- T o
tric domain thin film microcavities, such as femtosecond laser
LTOI microdisk Buffered oxide etching (BOE)

micromachining assisted with chemo-mechanical polishing
[33,34] . . .

(CMP) o electron beam hthograPhy.(EBL) Cf)mbmed with Fig. 1. lllustration of the fabrication flow. (a) Microdisk fabrication using a

an inductively coupled plasma reactive ion etching (ICP-RIE) ' fo0sed on beam. (b) Chemo-mechanical polishing. (c) Buffered oxide etch-

[35] ; [36] ; + . " . . . . . . .
tool™”, and wet etching method™. UV-lithography, Ar ing corrodes the silica. (d) Fabricated microdisk; the inset is a zoomed-in opti-
plasma etching, and HF etching techniques are also used in fab- o) icroscope image.
ricating on-chip lithium niobate microdisk resonators'®”, as

well as using optimized lift-off metallic masks and dry etching
processes'>”). Here, using a focused ion beam, we design and
fabricate a lithium-tantalate-on-insulator microdisk in an @)
improved method, followed by chemo-mechanical polishing.
The fabrication process starts with a Z-cut LTOI chip, which
has a sandwich structure (600-nm LT crystal, 2-pm silica, and
500-pm silicon substrate). The 50-pm-diameter microdisk is
milled by a focused ion beam (FIB, ZEISS Auriga), as shown

Photo
detector

'

Oscilloscope Tapered fiber

LTOI microdisk

Filter Power meter

Spectrometer

in Fig. 1(a). To achieve a high quality factor, a two-step milling [T"“E )21 200 /4
is adopted. The parameters of the ion beam, such as current and Vor  Comtraer spliter
dose, were optimized to reduce the roughness of the disk periph- ) (

ery. Chemo-mechanical polishing was used to smooth the disk
surface and edge [Fig. 1(b)]. The sample was then immersed into
a buffered oxide etching (BOE) solution, as shown in Fig. 1(c),
and the silica under the LT microdisk was etched to be a ped-
estal. Figure 1(d) shows the morphology of the fabricated micro-
disk cavity.
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3. Experimental Setup and Analysis Wavelength (nm) Detuning (pm)

After fabricating the LTOI microdisk resonator, we conduct the Fig. 2. LTOI experimental setup and optical characterization. (a) The exper-
optical characterization and experimental observation of an imental setup for nonlinear processes generated in the LTOI microdisk.
effective UV SHG process. As plotted in Fig. 2(a), the pump laser ~ VOA, variable optical attenuator. (b) and (c] are the transmission spectrum
in the visible band is scanned with a speed around 0.2 nm/s and and Lorentzian fitting of a measured mode around 768.53 nm, respectively.
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launched into the LTOI microdisk by the tapered fiber. The da_ «

a . ) .
diameter of the 780-nm-tapered fiber is about 1-2 pm. The a2 Bt + fokla™b + /nin,

UV SHG signal is generated and coupled out from the microdisk db a . i 5

with the pump light in the same tapered fiber. To separate the a2 b—ilyb + EwaLa ’ 1
pump light and UV, we filter out the visible pump light by using

a short-pass filter. Then, the UV signal is sent into the spectrom- ~ where a and b are the intracavity field amplitudes of w, and w,

eter for spectral analysis. The polarization and power of the (0, =2m,), respectively. a, and a, are the respective loss rates.
pump light are controlled by the polarization controller (PC) A, =@, — @, and A, = @}, — w, are the detunings between the
and variable optical attenuator (VOA), respectively. We corresponding cavity resonance frequencies @,, @, and o,, @,
obtained the transmission spectrum of the whispering-gallery  respectively. L is the cavity length; x = V244K 6 the nonlinear
mode (WGM) in the visible band, shown in Fig. 2(b), and the Chian/ E0CM1pS

central wavelength at 768.53 nm shows that the loaded optical coupling coefficient, where dg is the nonlinear coefficient and
Q-factor is 2.74 x 10%, as shown in Fig. 2(c) K =sinc(ApL/2) is a dimensionless factor that relates to the

When increasing the optical input power, we obtained UV phase mismatch Af. n, and n, are the effective refractive indices

coherent radiation produced at the second harmonic. The ultra- O.f jche field & b, cis the speed of light, & is the vacuum permit-
violet frequency doubling signal light around 384.30 nm is gen- tivity, and S 18 the mode overlap area. i = 0a/tr repr es.ents the
erated when the optical input power is up to 17 mW and is  2Vera8e coupling rate of the w,, field. ¢y, is the roundtrip time, and

gradually enhanced with the enhancement of the pump light. 0a is the corresp ond.ing coup ling rate. C(?nsidering the unde-
The emission spectrum around 384.30 nm is shown in Fig. 3(a). }).leted—pl{mp approximation, we can obtain tbe power conver-
The power-dependent performance of the UV SHG on the vis- '™ efficiency from the coupled-mode equation as
ible input is shown in Fig. 3(b). The quadratic correlation 6402k b0
between the pump light and UV SH signal power, well confirms b= — T'R%b 5= Pipns
that the UV signal is generated by the SHG of LTOI microdisk (445 + ap)[oc + 424, + Ay)]
originating from the ¥® nonlinearity.

The UV generation in the LTOI microdisk can be described

)

where Py, = |a2 | is the pump power. The ratio of &/ P;, is related
with the coupled-mode equation, to the phase-matching condition, tbe propagatioTl losses, an'd the
mode profiles. For a fixed propagation loss, the highest efficiency
can be achieved when it satisfies the perfect phase matching and

critically coupled condition.
. Figure 3(c) shows the effective refractive indices calculated by
03 9 Exprinent s A the finite element method of the input pump light in the visible
06 4 band and the SHG signal in the UV band, which shows a phase-
, matched pump wavelength around 768.50 nm at a temperature
A of 25°C. Insets in Fig. 3(c) show the simulated mode profile of
the fundamental wave (FW) and the UV second harmonic,
respectively. In the Z-cut LTOI microdisk resonator, the optical
‘ B S S S e S S axis is vertical to the device plane and the quasi-transverse-elec-
T Vadagiom Input power (mW) tric (quasi-TE) mode whose polarization mainly lies in the
© s wo s ww s e (@) device plane as well. What is more, for three-wave mixing proc-
‘ esses in the microdisk resonator, the discretization of the propa-
gation constant converts the phase-matching condition into the
phase mismatch Am = 01**!. According to the mode profiles of
FW and UV second harmonic, the modal phase matching is sat-
isfied in the LTOI microdisk. Figure 3(d) shows the observed
intracavity SHG power as a function of the intracavity pump
W @ m o moom : Soos e power square, and the normalized conversion efficiency is

Wavelength (nm) Intracavity pump power? (mW?) s 1 . o

5.74 X 107” W™ . There are two main reasons for this ineffi-
Fig. 3. Ultraviolet (UV) second-harmonic generation in the LTOI microdisk. ciency. First, only one tapered fiber is used to collect the coupled
(a) The recorded spectrum of the UV SHG signal (around 384.3 nm) is produced ~ ultraviolet light, which has a low coupling efficiency. In addition,
by the pump light in the visible band with a different power. (b) The power after the ultraviolet light comes out, we put it into the spatial fil-
dependence of the UV SHG signal on the visible fundamental pump. ter and then collect it into the spectrometer, which produces a
(c) The effective indices as functions of the wavelength, of TE;3g6 in the visible large loss. It should be noted that we use the same tapered fiber
band, and of TEy;7g, in the UV band, where gis the radial mode number and m to couple the input pump light in the visible band and the UV
is the azimuth made number for TE, . The insets show the simulated mode ~ second harmonic. To filter out the input pump light, the gener-
profiles of the FW and UV SH waves. (d) Intracavity pump power dependency ated UV signal needs to pass a spatial filter before being received
of the generated SH power. into the spectrometer. In fact, the generated UV signal should be
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higher. To improve the conversion efficiency, one can carefully ~ 11. P. Dittrich, B. Koziarska-Glinka, G. Montemezzani, P. Giinter, S. Takekawa,
design the dispersion and domain structure carefully, and the K. Kitamura, and Y. Furukawa, “Deep-ultraviolet interband photorefraction

Q-factor of the microdisk can be further improved. Also, the in lithium tantalate,” J. Opt. Soc. Am. B 21, 632 (2004).

. . 3] 12. J. Liu, F. Bo, L. Chang, C.-H. Dong, X. Ou, B. Regan, X. Shen, Q. Song, B. Yao,
couphng and ﬁlterlng schemes can be Optlmlled . W. Zhang, C.-L. Zou, and Y.-F. Xiao, “Emerging material platforms for inte-

grated microcavity photonics,” Sci. China Phys. Mech. 65, 104201 (2022).
13. A. Boes, B. Corcoran, L. Chang, J. Bowers, and A. Mitchell, “Status and
potential of lithium niobate on insulator (LNOI) for photonic integrated cir-

4. Conclusion cuits,” Laser Photonics Rev. 12, 1700256 (2018).

14. Y. Jia, J. Wu, X. Sun, X. Yan, R. Xie, L. Wang, Y. Chen, and F. Chen,
In conclusion, we have successfully obtained an efficient “Integrated photonics based on rare-earth ion-doped thin-film lithium nio-
384.3 nm UV-A SHG in the efficient nonlinear material lithium bate,” Laser Photonics Rev. 16, 2200059 (2022).

tantalate, which is. to the best of our knowledge the first to reach 15. Y. Chen, “Photonic integration on rare earth ion-doped thin-film lithium
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